Development of new approaches in the nondestructive evaluation of welded steel plates for large naval structures continues to be an area of interest for the DoD and the military complex. In this article we will evaluate an elastic-microwave based detection and imaging method using numerical and experimental methods. The evaluation was performed on two test articles that were designed to represent critical structural components with flaws of interest. The flaws, cracks and weld defects have been included in the test articles to determine detection sensitivity and accuracy of the proposed method. Our approach uses a microwave interferometer (MI) to record the scattered response of flaws in the steel plated as it is driven by an incident elastic field. The MI can "see" (penetrate) through the viscoelastic coating to the upper surface of the plate. Out-of-plane displacement amplitudes of 10nm in the frequency range (25kHz to 42kHz) are readily observable, with the key feature being, that the surface bond between the coating and the steel plate are undisturbed. The non-contact aspect of the interferometer allows for large surface regions to be accurately and efficiently scanned in space and time. These spatiotemporal data coupled with specialized wavefield processing algorithms provide powerful detection and imaging capabilities. From these wavefield data sets, a plate thickness mapping capability has been demonstrated that can detect thickness changes on the order of 0.79 mm (1/32") with spatial resolution on the order of the spatial sampling rate, 7.5 mm (~1/4"). We have also shown that a topological energy analysis of the wavefield data can detect and locate small flaws, on the order of 5-10 mm (0.025-0.40") in the welded joint of a 1.5" thick T-plate. Note, all of these results are obtained through a 2" thick viscoelastic coating without disturbing the coating or the coating bond. The current results indicate that we are detecting and locating damage (flaws) in the plate that are smaller than the wavelength of the propagating guided modes. Classical scattering theory places a (l /2) resolution limit on the detectability of flaws in terms of the incident field, however, since the spatial resolution of the scanned region is much smaller, (Dx=Dy=15mm) and the inherent natural focusing of the time reversal operation, we are able to detect smaller flaws on the order of (l/10). It is important to realize that we are not imaging the flaw but detecting and localizing a difference between a reference (pristine) sample and the measured (damaged) sample, relative to a spatial grid on the surface. The current scan resolution is 15mm x 15mm. At present we cannot expect to resolve individual flaws within a grid space only their cumulative effect. Even with the current limitations, this imaging approach appears to be a promising alternative to current methods where the coating layer is removed.
INTRODUCTION
Development of new approaches in the nondestructive evaluation of welded steel plates for large naval structures continues to be an area of interest for the DoD and the military complex. Numerous technologies with similar degrees of technical maturity are currently available to inspection and maintenance efforts. These include, but are not limited to, ultrasonic testing using phase array technology, digital and film radiography, dye penetrant, optical-visual and eddy current methods to name a few 1, 2 . With the exception of radiography, some form of mechanical contact or direct line of sight, is required at the surface of the plate for these methods to be effective. If the plates are coated with insulating layer and or a viscoelastic coating, direct access to the surface of the plate is compromised and the resulting effect on imaging and flaw detection performance can be significantly degraded. Current working solutions involve removing some, or all of the coating in the neighborhood of the weld seam. Removal of the coating is expensive, time consuming and has the potential to adversely alter the structural integrity of the surrounding coating and the bond with the underlying steel plate. Practical, alternatives to removing the coating necessitate the ability interrogate the underlying plate structure with the coating in place. In this investigation we will explore an approach that utilizes a microwave interferometer (MI) to measure the dynamic response of the steel plate as it is excited (driven) by guided modes propagating in the plate.
Guided modes possess two characteristics that make them ideal for this particular inspection problem. The first is, they can propagate in the plate structure efficiently across large distances with minimal signal attenuation. The second, is that depending on the mode, they can be 'tuned' to interact with different types of flaws in the plate. The interferometer can record the total out-of-plane displacement of the plate due to these propagating modes. Since the viscoelastic coating is non-conductive, it has a negligible effect on the sensitivity of the MI to detect these displacements. Established methods using acoustic wavefield imaging (AWI) can then be applied to the recorded data for damage detection and flaw localization. [3] [4] [5] [6] In this report we will evaluate an elastic-microwave based detection and imaging method using finite element modeling and experimental methods. The evaluation was performed on two test articles that were provided by the sponsor. Each test article was designed to represent a key structural component with features of interest. Details of the materials and the mechanical drawings were provided with the test articles. Flaws and cracks have been included in the weld seams to characterize detection sensitivity and location accuracy of the proposed method. In the following sections we will present the theoretical concepts associated with this detection scheme. Beginning with an idealized description of the detection process, we will describe the key measurement parameters and theory. A simplified description of the interferometer and associated electronics to measure and record the surface displacements will follow. Wavefield imaging techniques, require the data to be acquired uniformly in space and in time. Accurately capturing the response of these propagating modes in the plate plays a critical role in the detection and location of flaws or damage. Choosing optimal excitation signal parameters to facilitate these measurements will also be discussed, along with a calibration using a commercial laser vibrometer. In addition to experimental measurements, a 3D time-domain finite element solver will be used to define measurement parameters and provide the forward model for the adjoint methods. [5] [6] [7] The small physical size and basic construction of the test articles is such that the entire system can be effectively modeled using simple boundary conditions and desktop computational resources. Flaw locations determined through the imaging process are compared against the actual flaw locations in the test articles. Finally, a discussion of the results and a path forward suggesting future developments will conclude this report.
Description of the detection and imaging problem
Here, the primary motivation is to inspect the plate and weld structure without damaging or compromising the structural integrity of the viscoelastic coating layer. The measurement concept is shown in Figure 1 . Guided modes are attractive for probing the plate because they can be designed to be region selective. Detection sensitivity for either surface defects, or internal defects can be optimized by choosing drive parameters to propagate mode(s) that emphasize displacement in those regions. 10, 11 Figure 1. Elastic-microwave based measurement approach. Here, an elastic wave propagating in the plate, interacts with a crack creating a scattered wave. The total out-of-plane displacement field, incident + scattered, z(t), on the upper surface of the plate, is detected using the microwave interferometer. The entire upper surface of the plate can be scanned using this approach.
Guided modes also have the capability of propagating large distances within the structure offering the opportunity of inspecting large regions under the viscoelastic coating with minimal intrusion.
As illustrated above, a guided mode propagating in the plate is confined to the plate due to the nature of the mode selected and frequency chosen. 10 Damage in the plate can alter the mode either by, changing its direction (reflection), mode conversion, and or scattering. In each case, the total elastic field in the plate will be altered and the corresponding change along the upper surface will be localized to the region where the defect is present. While, guided modes can propagate large distances, this is not necessarily the case for the scattered field, which is a combination of a propagating and nonpropagating modes in the vicinity of the flaw. Depending upon the size of the flaw, the guided mode involved, and the frequency, the scattered field associated with the flaw and the incident wave can be minimal. The challenge therefore lies with detecting this potentially small variation in the total elastic field due to the flaw. A significant amount of research has been conducted in the area of acoustic wavefield imaging where a region of interest is inspected using a spatiotemporal array of scan locations. In the case of plate-like structures, the measurement locations can be in close proximity to a potential flaw. [12] [13] [14] The common thread with all of these inspection methods is the requirement for direct access to one or both sides of the planar structure. A significant body of work has been conducted in this area with established commercial systems. 15 In our case, however, the presence of a thick, acoustically lossy, optically opaque, viscoelastic coating between the surface of the plate and the inspection probe precludes the use of the aforementioned commercial systems.
To overcome this problem, our attention has been on electromagnetic radiation inspection modalities where the presence of the viscoelastic coating has a minimal effect on transmission and reflection of electromagnetic (EM) energy. The two methods of interest, both use high frequency EM radiation to "see" through (penetrate) the non-conductive coating. The first candidate was a basic pulse-echo approach using ultra-wide band radar to monitor the surface displacements of plate as it is being excited by the propagating guided modes. Lawrence Livermore National Laboratory (LLNL), has had a long history with ultrawideband radar and continues to be a prominent contributor to the research field. 16, 17 Initial investigations with this technology, found that the out-of-plane displacement amplitude of the elastic waves in the plate were too small to detect given the limited amount of acoustic energy that could be utilized to excite propagating modes. We then turned our attention to a second approach, which utilized a narrowband interferometric method to detect surface displacements.
MICROWAVE INTERFEROMETRIC SENSING
Interferometric measurements have a long history of utility in the areas of remote sensing, material characterization, biology, motion detection and astronomy 18 . Typically, these methods fall in the optical regime as the cost effectiveness and availability of precision coherent light sources is continually improving. Similar approaches using lower frequency EM radiation in the 10's to 100's of GHz have also been developed for situations where optical approaches are not practical. Theory and design of these systems has been explored and reported in the literature with several excellent references available.
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Basic Design
The basic design and operation characteristics of a microwave interferometer circuit are shown in Figure 2 . The actual commercial circuit used to measure the surface displacements for this investigation is given in the Appendix. Here, z(t) is the time-varying out-of-plane surface displacement of the plate and l is the wavelength of the transmitted signal. For a 94GHz carrier signal the wavelength is approximately 3mm. The basic operational principle for the interferometer is a phase comparison Df(t) between a reference measurement (green signal path) and a surface measurement (red-blue signal path). Assuming complete reflection of the surface (valid for a steel plate), the phase difference f(t) between the signal and reference beams is proportional to the out-of-plane surface displacement, z(t), and the carrier wavelength, l.
Here the assumption l >> |z(t)| is satisfied both as a necessary constraint and a practical consideration based on limits of the excitation system generating the guided modes. The phase change is tracked through the use of a quadrature mixing circuit which generates two voltage signals each proportional to the surface displacement. The two quadrature signals designated as I(t) and Q(t) are band pass filtered (BPF) and amplified with a low noise amplifier (LNA) before being digitized and recorded for post processing. The size and directionality of the interferometer allows the system to be positioned at specific locations (x,y) on the plate. The current system can easily transmit through several inches of urethane or other rubberized polymers, with only a moderate surface offset and illumination spot size. Since the MI system does not make physical contact with the structure, large regions can be scanned quickly and accurately. Standard computerized scanning techniques and data acquisition are readily adaptable to facilitate scanning of complicated 2 and 3D surfaces, with the added functionality of detection through the viscoelastic coating.
EXPERIMENTAL
In this section we will describe the experimental approach used to investigate the capabilities of the microwave interferometer to gather acoustic wavefield data on a coated steel plate. We begin with a brief discussion of the type of guided modes that are used to excite the plate. Then a basic description of the test articles is presented along with some simple modifications that facilitate the creation of guided modes in the plates. Scan strategy and a description of the scanning apparatus will then be presented.
Operational frequencies of guided modes
The first step is the selection of the operational frequencies for the propagating modes. Figure 3 shows the dispersions curves for a steel plate in terms of a frequency-thickness product fd. The highlighted region shows the operational region for this experiment. The frequency band is 0.038 MHz < f < 0.042 MHz with the plate thickness d = 50.8 mm. In terms of the frequency-thickness product we have (1.95 < fd < 2.12). Because the MI is sensitive to out of plane displacements, the first two anti-symmetric modes of the coated steel plate (a0 and a1) are of interest as excitation modes. The symmetric mode, s0 is predominantly in-plane, and not optimal for generating out-of-plane displacements. Figure 4 , shows the experimental process for obtaining spatiotemporal data sets. In this study, the first half of the flat welded plate is selected for scanning. Following Nyquist sampling criteria, for both spatial (wavenumber) and temporal (frequency) a scan grid and sample rate are chosen to minimize aliasing of the recorded data. For this experiment, excitation of anti-symmetric modes in the test articles is accomplished by mechanically coupling a piezoelectric shaker to the steel plate using a 3/8" threaded rod. Figure 5 shows the 2" planar test article and viscoelastic coating. The shaker is in the foreground, the interferometer horn is in the back positioned above the viscoelastic coating. The shaker is driven by 5 cycle pulse, centered at 0.021 MHz, with a repetition rate of approximately 5 Hz. The drive signal is amplified to 800V and coupled to the shaker with a matching transformer. Although the dispersion regime for the analysis of the data is 0.038 MHz < f < 0.042 MHz, it was determined that lower frequencies, 0.019 MHz < f < 0.025 MHz provided, better performance for the adjoint methods.
Experimental setup and measurement process
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Figure 5. Experimental Scan process on a milling machine. The shaker drives the plate at (xo,yo) while the interferometer records the out-pf-plane displacements as a function of time at each scan location u(xi,yi,t).
TWO-DIMENSIONAL ACOUSTIC WAVEFIELD IMAGING
Acoustic wavefield imaging (AWI) offers a powerful approach to determining the condition of a component or structure before and after damage. Some commercially available systems can even report real-time assessments. 15 The AWI method utilizes spatiotemporal data sets recorded at discrete regular intervals across the surface of the structure. Data taken in this manner provides a wealth of information regarding, space and time changes of propagating waves as they interact with inspected structure. Methods such as frequency-wavenumber analysis, topological energy methods, diffuse field imaging and spectral techniques can only be realized with accurate spatiotemporal data sets of the elastic field. [4] [5] [6] [9] [10] [11] [12] [13] [14] In the next
The interferometer is scanned at discrete locations (x i ,y i ) on the plate while the surface is excited with a gated pulse
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Interferometer records surface displacements X-Y-Z scan grid manually controlled by mill two sections, we will investigate the capabilities of the elastic microwave interferometric approach for surface characterization and detection of weld flaws.
Characterizing corrosion thinning in plates using a localized wavenumber
For this analysis, we will apply acoustic wavefield imaging techniques to characterize regions of plate thinning (i.e., loss of thickness). Plate thinning occurs due to corrosion of the metal surface at the metal/coating interface. The corrosion at the interface between plate and the coating undermines the structural integrity of the bond which may lead to bond failure and possible detachment. For this study, the flat 2" thick plate had a number of regions milled down to various depths and shapes to simulate corrosion defects of interest. The entire plate surface was then covered with the viscoelastic layer. It should be noted that the simulated corrosion defects were entirely filled during the coating process. In actuality, such defects would be filled with air, water, or corrosion byproducts. The region of interest was scanned as shown in Figure 5 and a three-dimensional data set was recorded of the out-of-plane data. We will denote this experimental data set as
Here, the set of spatial locations S(x,y) are on the upper surface of the plate and the time window is (0,T). The duration of the data, T, is chosen to be long enough such that the any total elastic field is approaching a quiescent level before the next excitation pulse is generated. For our experiment this was approximately 100ms.
The wavenumber analysis is based on a method presented by Behboodian.
14 The basic idea is that certain guided modes are sensitive to changes in the plate thickness. Recall that Figure 3 shows the dispersion relation for an uncoated steel plate. In this figure, phase velocity, cph, for a given mode is plotted relative to a frequency-thickness product fd. Given a constant frequency, fo, then any thickness variations d(x,y), in the plate will result in velocity changes of the three modes in the highlighted region. The local wavenumber k local (x i,yj) is then related to the frequency divided by the phase speed (k local = wo/cph), wo = 2p fo. Therefore, spatial, surface wavenumber measurements can provide a direct indication of the local thickness of the plate. We will now present an approach to calculate the wavenumbers for a spatiotemporal scan of the plate.
In this processing approach we begin by transforming the 3D data from time to frequency (x,y,w),
where ℱ FG {} denotes a 1D Fourier Transform. We then select a 2D spatial slice of the data at a frequency in the bandwidth of the filtered data. This two-dimensional data slice, ̂-( , , ω J ), is the input for the next step where we apply a spatialspatial frequency analysis of a moving 3x3 window centered at each scan location.
The location where the maximum value of the absolute value of the Fourier transform occurs is an estimate of the dominant wavenumber in that region which is related to a measure of the local thickness. The process is illustrated in Figure 6 . . Here, only +ky will be considered.
For the 2D region defined above, the local wavenumber has two components (+/-kx, +/-ky), only the +ky will be considered in this analysis.
These processing steps are now applied to two different regions of the plate. The best results were obtained when a smaller region of interest (ROI) was chosen and contained only one thinned region. The first region selected, was along the centerline of the plate, near the weld seam. An 8x8 subset of the scanned region was analyzed and a contour plot of the spatial distribution of the wavenumber is shown in Figure 7 . Only the y-component of the wavenumber, ky, is shown. The wavenumber contours clearly show a localized region where the wavenumber is different from the surrounding plate. Examination of the dispersion curve (Figure 3) in this operational band (38kHz -42kHz) shows that the a1 mode is quickly approaching cutoff, and under these conditions, it is extremely sensitive to thickness variations in the plate. The other two modes s0 and a0 show minimal sensitivities to thickness variation in this frequency range. A second region was then selected to explore the effectiveness of imaging feature shape. The imaging algorithm was applied over the backward 'L' shaped region using a 7x7 data set. The corresponding results can be seen in Figure 8 . As before, the thinned region of the plate results in a significant change in the calculated wavenumber, with the added observation that the general shape of the thinned region has been realized. In the previous two examples, thickness variations were detected and imaged through the coating at the surface of the plate using a localized estimate for the wavenumber. Even with the limitation introduced by the low resolution spatial sampling, useful information in terms of a spatial map indicating thickness as a function of spatial position is obtained. Here, the thinned regions are still large relative to the spatial sampling of the surface. In the next section we will show that flaws, an order of magnitude smaller can be detected and localized using similar wavefield data sets and a topological energy method.
Crack detection in plate weldments using a topological energy method
In this final section we will present a method to detect and localize cracks in plate weldments. The processing algorithm is based on topological energy methods [4] [5] [6] [7] [8] and operates on similar wavefield data sets as the previous method. However, for this process we will need information about the structure before damage has been introduced. Normally this is accomplished by obtaining wavefield data prior to service or with a pristine structure. Experimental measurements on a pristine structure were unavailable for this study, so a 3D finite element model was developed to generate the damage free wavefield data.
Topological energy approaches are derived from shape optimization techniques where a cost function is defined as a difference between an expected three-dimensional field (shape) and an estimated one. 8 By minimizing this cost function, the estimated field will converge toward the expected field thus becoming a solution in a least squares sense. Researchers have developed topological energy approaches for non-destructive evaluation problems where similar cost functions are defined using pristine and damaged wavefield data. 7 Using this approach, a topological energy term is defined as,
Here, uo(x,y,t) is the out-of-plane surface response of the plate in the absence of damage (i.e., pristine system response).
The out-of-plane surface response of the plate with damage is um(x,y,t). Note, if no damage is present then, um(x,y,t) = uo(x,y,t). The adjoint field, vo(x,y,t), is the backpropagated difference between the pristine response and the response of the plate after damage has occurred. The subtlety in Eqs. 4 and 5 is that the causal arguments for the integral from [0, T], require vo, which is defined from [T, 0] to be reversed in time (i.e., vo(x,y,-t) = um(x,y,t) -uo(x,y,t) ) before the integral can be solved. 8 Implementation of the integral is straight forward, the pristine field, uo(x,y,t), can be obtained from experimental measurements or from a finite element model of the pristine system. Measurements of the damaged system, um(x,y,t), are obtained experimentally during routine service maintenance. Peaks in the integral occur at locations where the pristine field, and the adjoint field are co-located in space and time. It is interesting to note that Behboodian 14 , presents a similar method using time-of-flight arguments. The energy term calculated in Eq. 4 is a highly focused map of the local field differences (flaws) between a pristine part and a damaged part. From an optimization point of view, we realize that the natural refocusing of the time reversal operation, will prevent the solution from converging to a local minimum, and thus, non-physical solutions are avoided.
In this experiment, we are inspecting a coated plate with a T-joint attached to the uncoated side. Figure 9 shows the plate geometry and the location of the 2D scan region on the surface of the plate. Several weld flaws of various sizes have been embedded into the weld for testing the approach. In this plate, there are no large thinned regions representing corrosion. As before, the shaker was attached to the upper surface of the plate through the coating. A similar measurement set up was used on the mill to facilitate recording the wavefield data. Recall that the interferometer is measuring the out-of-plane surface displacement of the plate due to the excitation signal from the shaker. Note, as before, the displacements are measured through the viscoelastic coating. Figure 9 . Process for determining flaws in weldments using a topological energy method, the pristine data uo(x, y, zo, t) is determined from a 3D finite element time domain model and the adjoint field vo(x, y, zo, t) is determined from the timereversed difference between the pristine model and experimental measurements.
The imaging results for the topological energy gradient, Go(x,y) are shown in Figure 10 . The scan map on the left shows the locations of the wavefield data set (surface measurement locations, red circles, source location is green. Here, the scanned region of interest (ROI) has been chosen to cover the T-joint weldment and part of the surrounding plate. These results show that we are detecting and locating damage (flaws) in the plate that are much smaller than the wavelength of the propagating guided modes. Classical scattering theory places a (l/2) resolution limit on the detectability of flaws in terms of the incident field 22 , however, since the spatial resolution of the scanned region is much smaller, (Dx=Dy=15mm) and the inherent natural focusing of the time reversal operation, we are able to detect smaller flaws on the order of (l/10).
For this analysis we employ a topological energy method to image the wave field using the Forward (pristine) Uo(x,y,t) model and the Adjoint (measured field) Vo(x,y,t).
Define a topological energy term Go(x,y) [2] Damaged field Um(x, y, z, t)
Experimentally measured Finite element 3D model
Topological energy imaging method It should be noted however, that we are not imaging the flaw, but detecting a difference and localizing that difference relative to the spatial sampling of the wavefield (scan grid). The resulting contour map provides a measure of maximum likelihood of 'difference' between the damaged and undamaged regions of the plate.
SUMMARY AND CONCLUSIONS
With the conclusion of this report we have shown that:
1. Acoustically relevant, out-of-plane surface displacements have been detected through a 2" viscoelastic layer using a 94 GHz microwave interferometer (MI).
2.
The sensitivity of the MI system is sufficient to detect displacement amplitudes on the order of 10 nm over large spatial illumination areas.
3.
The effect of the viscoelastic coating on the sensitivity of the interferometric measurement is negligible.
4.
Frequency-wavenumber analysis has shown a possible method to detect and map thickness variations in coated steel plates. We have shown that we can detect and locate small flaws, 5-10 mm (0.025-0.40") in a coated steel T-plate and regions of thickness variation in a coated flat plate. Further development is necessary to improve the resolution, robustness of the scanner and field ability of the elastic-microwave imaging system. Field applications will require alternative methods for exciting the plate, that eliminate the need to attach a shaker to the hull. Excitation of the hull surface, either through a compressive force or magnetic attachment may be suitable. The strength of the excitation pulse will also need to be larger. Fortunately, guided mode propagation in the hull plates is efficient, and a different actuation approach, possibly a fluid coupled hydraulic method over a larger foot print could be developed to create the required excitation of the plate. The interferometer can be scaled up in-terms of channels where 5-10 interferometers could be integrated into a parallel array that is swept above the surface of the vessel. The swept region would gather data over either side of a weld seam. The entire array, digitizers, and signal conditioning can then be mounted on a large gantry scanner or robotic arm which would follow a pre-programmed contour of the hull. Finally, further refinements in the data processing and imaging algorithms would include, resolution refinement, mapping speed and data throughput. Flaw characterizing including, sizing and void differentiation are also areas where further improvements can be implemented.
